We characterized three phases of Hyacinthus orientalis L. embryo sac development, in which the transcriptional activity of the cells diVered using immunolocalization of incorporated 5Ј-bromouracil, the total RNA polymerase II pool and the hypo-(initiation) and hyperphosphorylated (elongation) forms of RNA Pol II. The Wrst stage, which lasts from the multinuclear stage to cellularization, is a period of high transcriptional activity, probably related to the maturation of female gametophyte cells. The second stage, encompassing the period of embryo sac maturity and the progamic phase, involves the transcriptional silencing of cells that will soon undergo fusion with male gametes. During this period in the hyacinth egg cell, there are almost no newly formed transcripts, and only a small pool of RNA Pol II is present in the nucleus. The transcriptional activity of the central cell is only slightly higher than that observed in the egg cell. The post-fertilization stage is related to the transcriptional activation of the zygote and the primary endosperm cell. The rapid increase in the pool of newly formed transcripts in these cells is accompanied by an increase in the pool of RNA Pol II, and the pattern of enzyme distribution in the zygote nucleus is similar to that observed in the somatic cells of the ovule. Our data, together with the earlier results of Pidcijski et al. (2008) , indicate post-fertilization synthesis and the maturation of numerous mRNA transcripts, suggesting that fertilization in H. orientalis induces the activation of the zygote and endosperm genomes.
Introduction
The structure and development of the female gametophyte and the processes of fertilization and early embryo development have been described quite well in many species of angiosperms (Huang and Russell 1992; Russel 1996; Higashiyama 2002 Higashiyama , 2003 . The embryo sac in approximately 70% of angiosperm species, including Arabidopsis thaliana and Zea mays, develops according to the Polygonum type (among others, Huang and Russell 1992; Drews et al. 1998) . During megasporogenesis four haploid megaspores are formed from a diploid megaspore mother cell, of which three undergo degeneration. The remaining so-called functional megaspore undergoes three mitotic divisions, which are not accompanied by cytokinesis. These divisions lead to the formation of an embryo sac with eight nuclei in which cytokinesis and cell diVerentiation take place. Finally, three of the four nuclei of the chalazal region become the nuclei of the antipodal cells, two nuclei of the micropylar region become synergid nuclei, and the third nucleus of the region becomes the nucleus of the egg cell. Two nuclei are the so-called polar nuclei, which undergo fusion, forming a diplohaploid nucleus of the central cell. The egg cell and the central cell participate in the process of double fertilization, which is unique to Xowering plants. Following fusion with one of the sperm cells, the egg cell forms a zygote, which produces a new sporophyte generation, while the fertilized central cell develops into the nutritive endosperm tissue.
The nuclei of the embryo sac are probably characterized by a distinct pattern of gene expression, and the developing cells acquire unique properties related to their diVerent biological functions because of this pattern. Results in recent years, mainly in Z. mays and A. thaliana, have provided information about the level of expression of some selected genes in the cells of the embryo sac (Dresselhaus et al. 1999a, b; Cordts et al. 2001; Márton et al. 2005; Lê et al. 2005; Johnston et al. 2007; Wuest et al. 2010) . Several thousand genes are estimated to be potentially involved in the development of the embryo sac in Arabidopsis. Among the 1,260 analysed genes, only 8.6% of the transcripts were not found in sporophyte tissues, indicating their speciWc expression in the cells of the female gametophyte (Johnston et al. 2007 ). In the Arabidopsis (SteVen et al. 2007; Wuest et al. 2010) , maize (Lê et al. 2005; Yang et al. 2006 ) and wheat (Sprunck et al. 2005 ) egg cell, the expression of speciWc genes has been noted but still our knowledge of the time course of the genetic diVerentiation of the sister nuclei in the embryo sac is still incomplete.
In contrast to oocytes and animal embryos, several problems have still not been explained in Xowering plants, including (1) transcripts storage in the egg cell, (2) the regulation of the early stages of embryonic development, and (3) the time of activation of the zygotic genome. Investigations are usually performed in vitro (Scholten et al. 2002) or only in certain species of plants, mainly in Z. mays and A. thaliana, often due to technical problems with whole unfertilized and fertilized ovules (Grimanelli et al. 2005) . The results of the genetic analysis of the egg cell, the zygote and the early stages of embryonic development are intriguing. It is postulated as in animals (Telford et al. 1990 ) that the early stages of embryonic development in plants are controlled by maternal transcripts, and the paternal genome remains silenced after fertilization (VielleCalzada et al. 2000; Grimanelli et al. 2005; Pillot et al. 2010) . In fact, it has been shown that the A. thaliana zygote remains relatively quiescent and that the embryo can undergo several divisions in the absence of the de novo transcription, thus relying on deposited maternal products (Pillot et al. 2010) . However, other studies in this species have shown that several alleles from both the maternal and paternal genomes are transcribed shortly after fertilization (Weijers et al. 2001; Köhler et al. 2005; Autran et al. 2011) . Early in vitro experiments in Z. mays indicated that the expression of numerous genes increases in the zygote, including those involved in replication and those encoding ribosomal proteins (Dresselhaus et al. 1999a (Dresselhaus et al. , b, 2005 . In the fertilized egg cell, the genes of cell cycle regulation are also transcribed de novo (Sauter et al. 1998) . This result indicated an earlier activation of the zygote genome and post-fertilization gene expression in processes such as the replication and cell cycle regulation of the fertilized Z. mays egg cell. Similar results were obtained for Nicotiana (Ning et al. 2006) . The expression of 9 gene homologues was identiWed in the Nicotiana zygote in vitro, but transcripts of these genes were not present in the egg cell. This result proved that in tobacco the activation of the zygote genome has already taken place prior to its division (Ning et al. 2006) . Also, Zhao et al. (2011) using expression proWling analysis of egg cells, zygotes and two-celled proembryos in tobacco indicated that maternal-to-zygotic transition is initiated prior to the Wrst zygotic division and de novo transcripts appearing in later zygotes are probably required to trigger embryogenesis. Further investigations in Zea, using transgenic sperm cells containing green Xuorescent protein (GFP), demonstrated the capability of maize zygotes for the de novo gene expression 4 h after fertilization when a decondensation of sperm chromatin has already taken place (Scholten et al. 2002) . In turn, the analysis of the allele-speciWc expression of 25 genes after fertilization of the egg cell in maize showed immediate equivalent paternal genomic contribution to the zygote. Also, each gene expressed before the Wrst cell division of the zygotes showed paternal transcripts, demonstrating distinct transcriptional activation of the paternal genome (Meyer and Scholten 2007) . Thus, the presented studies indicate that in Z. mays the zygote is transcriptionally active, and the activation of the zygotic genome occurs directly after fertilization. These results are in contrast to the results obtained by Grimanelli et al. (2005) . Genetic analysis of fertilized and unfertilized maize embryos indicates that only maternally inherited alleles are expressed for 3 days following fertilization. These data suggest that the transition from the maternal to the zygotic regulation of embryo development takes place many days after fertilization.
Taken together, all studies show that diVerent regulation strategies may be present for embryonic development in higher plants. In some species, the activation of zygotic genes occurs directly after fertilization and these transcripts play a key role in the development of the embryo and endosperm (Ray 1997; Pagnussat et al. 2005) . In others, as in animals, the expression of the zygotic genome is not required for the Wrst divisions of the embryo and takes place at diVerent stages of its development.
The transcription of protein-coding genes is a multistage process performed by RNA polymerase II. This enzyme is composed of 12 protein subunits (Lee and Young 2000) . The largest subunit has a unique region at its C-terminus designated the CTD (Carboxy-Terminal Domain) . A characteristic property of the CTD is the presence of several dozen tandem repeats of a sequence composed of seven amino acids: Tyr-Ser-Pro-Thr-Ser-Pro-Ser. This motif is highly conserved in Eukaryota (Corden et al. 1985) and determines the CTD activity, which is regulated by the degree of phosphorylation of the serine residues at positions 2 and 5 (Hahn 2004) . The form with low levels of phosphorylation (Pol IIA) is linked with the preinitiation complex, in which the serine residue at position 5 is phosphorylated. In a transcriptionally active complex, the CTD is characterized by the presence of an additional phosphate group at position 2. The hyperphosphorylated form of RNA Pol II (Pol IIO) is thought to be responsible for elongation (Komarnitsky et al. 2000) . Moreover, the Ser2P of the CTD is responsible for the interaction of the transcriptional apparatus with the machinery responsible for polyadenylation and pre-mRNA maturation (Proudfoot et al. 2002) . At the end of a round of transcription, a dephosphorylation of the CTD generally takes place, which makes the breakdown and recycling of the transcriptional machinery possible (Kamenski et al. 2004) .
Determining the levels of diVerent types of RNA Pol II may be an important indication of gene expression in the cells of fertilized and unfertilized embryo sacs. So far, this technique has only been used in A. thaliana (Pillot et al. 2010) . DiVerences in the levels of the active forms of RNA Pol II, which were positively correlated with their diVerent transcriptional activities, were observed between the nuclei of the embryo sac. In the transcriptionally silenced zygote, the level of the hyperphosphorylated form of RNA Pol II was very low, in contrast to endosperm nuclei, in which gene expression was high.
Our investigations in Hyacinthus orientalis using immunocytochemical methods and in situ hybridization are aimed at determining the transcriptional activity and the type of RNA synthesized in vivo in the cells of developing embryo sacs, both unfertilized and fertilized. We have previously shown that, while the egg cell of H. orientalis does not accumulate large amounts of poly(A) RNA, a slightly larger pool of this RNA is present in the central cell (Pidcijski et al. 2008) . A very high level of poly(A) RNA is, however, present in the zygote. Thus, in this species, de novo synthesis of polyadenylated transcripts takes place shortly after fertilization. The accumulation of poly(A) RNA was accompanied by a rapid increase in the level of splicing factors, indicating that the synthesis and maturation of numerous mRNA transcripts take place in the nucleus of the hyacinth zygote (Pidcijski et al. 2008) .
The aim of the present investigations was to determine in vivo the total transcriptional activity of cells of the H. orientalis embryo sac during successive stages of its functioning, i.e., from the nuclear period up to fertilization. We also analysed the progamic phase, which had not been investigated thus far. This phase encompasses the period of growth of the pollen tube in the transmission pathway of the pistil when the embryo sac is preparing to accept the male gametophyte for fertilization. The evaluation of the total transcriptional activity of the hyacinth female gametophyte cells was performed by analysing the level and distribution of newly formed transcripts using the immunolocalization of incorporated 5Ј-bromouracil. To better understand which types of RNA are transcribed in embryo sac cells, the levels of the total pool of RNA Pol II and of the hypo-and hyperphosphorylated forms of RNA Pol II were also analysed, along with the levels and distribution of pre-rRNA and rRNA. The experiments allowed the evaluation of the levels of newly formed transcripts and RNA Pol II in the cells of the embryo sac and a comparison with the levels of these molecules in the somatic cells of the ovule.
Materials and methods

Plant material
Hyacinthus orientalis L. variety Pink Pearl ovules were used in the investigation. Plants were obtained from a commercial cultivar and grown at room temperature in the Institute of General and Molecular Biology, Nicolaus Copernicus University, Toruj, Poland. Ovules were mechanically isolated from Xower buds ( §5-10 mm), mature, unpollinated Xowers (after the opening of the Xower) and 4 h, 8 h (progamic phase-when pollen tubes have reached about three-quarters of the style length and did not enter the female gametophyte) and 96 h (fertilized embryo sacs) after hand cross-pollinated Xowers. The growth of the pollen tubes was checked: isolated pistils were cut up and placed in 0.01% aniline blue and were examined in Xuorescence microscopy.
Localization of transcription
BrU incorporation was performed according to Smolijski et al. (2007) . Directly after isolation, ovules were incubated in 0.01% water solution of Triton X-100 (Fluka) for 10 min. Then the material was washed three times for 10 min with distilled water and incubated in 20 mM water solution of 5Ј-bromouracil (BrU, Sigma) for 1 h in room temperature. The long incubation allowed BrU to penetrate through all the layers of the ovule and enter the embryo sac cells. It facilitated the comparison of transcripts at all analysed stages, which diVered in RNA synthesis intensity. Under these conditions, part of the product moved from the synthesis site to the cytoplasm at some stages. Ovules were then washed three times for 10 min with PBS buVer, pH 7.2. The chemical Wxation, embedding in butyl methyl methacrylate (BMM, Fluka) and semithin sectioning (Leica Ultracut) were performed as previously described (Pidcijski et al. 2008) . Incorporated 5Ј-bromouracil was detected by incubating with a primary, mouse-anti-BrdUTP antibody (Sigma) in 1% bovine serum albumin (BSA) (Sigma-Aldrich) in PBS buVer, pH 7.2 (1:200), overnight at 4°C, and the secondary, goat-anti-mouse antibody Alexa Fluor 488 (Invitrogen) in 1% BSA in PBS buVer, pH 7.2 (1:1,000), for 1 h at 37°C. Control reactions were performed without the primary antibody. DNA was stained with 4,6-diamidino-2-phenylindole (DAPI; Fluka).
Semithin sections were observed in Nikon Eclipse 80i Xuorescence microscope. The CPI Plan Fluor 100£ (N.A. 1.3) DIC H/N2 immersion oil lens and narrow band Wlters (UV-2EC, B-2EC, G-2EC) were used. The results were registered with a Nikon DS-5Mc colour cooled digital camera and Lucia General 5.00 software (Laboratory Imaging, Prague, Czech Republic).
Immunolabelling of RNA polymerase II For light microscopy, immunolocalization of total RNA Pol II pool and hypo-and hyperphosphorylated forms of the RNA Pol II ovules were prepared as previously described (Pidcijski et al. 2008 ). After blocking with 0.01% ac BSA (Sigma) in PBS buVer, pH 7.2 semithin section was incubated with primary IgG mouse monoclonal anti-RNA Pol II CTD 4H8 (recognizes the total RNA Pol II pool) or two kinds of primary IgM mouse monoclonal antibodies: anti-RNA polymerase II H14 (recognizes the phosphoserine 5 version of RNA Pol II, Pol IIA) and RNA polymerase II H5 (recognizes the phosphoserine 2 version of RNA Pol II, Pol IIO) (Covance) in 0.01% ac BSA in PBS buVer, pH 7.2 (1:500), overnight at 4°C. Antibodies binding was detected with the goat, anti-mouse antibody Alexa Fluor 488 (Invitrogen) in 0.01% ac BSA in PBS buVer, pH 7.2 (1:1000). Incubation was carried out for 1 h at 37°C. In the control incubations with the primary antibodies were omitted. DNA was stained with DAPI (Fluka). Semithin sections were analysed with a Olympus BX50 Xuorescence microscope. The UPlanFI 100£ (N.A. 1.3) oil immersion lens and narrow band Wlters (U-MNU, U-MNG) were used. The results were registered with a Olympus XC50 digital colour camera and Cell B software (Olympus Soft Imaging Solutions GmbH, Münster, Germany).
For immunogold labelling of RNA Pol II ovules were Wxed in 4% paraformaldehyde and 0.25% glutaraldehyde in PBS buVer, pH 7.2, for 24 h at 4°C. Material were washed, dehydrated in graded concentrations of ethanol up to 100% and embedded in LR Gold (Sigma). Samples polymerization LR Gold with 1% benzoyl peroxide as the accelerator occurred for 3 days at ¡20°C. Ultrathin sections were cut using a Leica UTC ultramicrotome, collected on the nickel grids coated with 0.3% formvar (Sigma). After blocking for 15 min with 3% BSA in PBS buVer, pH 7.2 sections were treated with anti-RNA polymerase II 4H8, H14, H5 primary antibodies (Covance) in 0.2% ac BSA in PBS buVer, pH 7.2 (1:50). Antibody binding was detected by incubation with 15 nm diameter gold conjugated goat, anti-mouse antibody (BB International) diluted in 0.2% ac BSA in PBS buVer, pH 7.2 (1:30) for 1 h at 37°C. Controls were performed by omitting incubation with the primary antibody. The sections were stained with 1% phosphotungstic acid and 5% uranyl acetate solutions and examined using a JEOL 1010 transmission electron microscope at 80 kV.
Quantitative evaluations
Image analysis was performed on serial semithin sections after immunoXuorescence staining (BrU, total RNA Pol II pool), with each reaction step performed using consistent values of temperature, incubation times, concentration of primary and secondary antibodies. Quantitative analysis of Xuorescence intensity for immunoXuorescence staining was carried out for 5-7 each cell types (5 sections per cell) from each development stage. All measurements were conducted at the same magniWcation, Weld area (controlled with a shutter), and positioning of the Wbre optics cable. Camera settings were kept constant for exposition time, gain and oVset. Lucia G software was used to determine the average m 3 signal intensity of each studied cell compartment and is expressed in a.u. (arbitrary unit of Xuorescence intensity). For all antigens and developmental stages, the obtained data were corrected for background autoXuorescence as determined from negative control signal intensities.
Ten images for each antigen (total RNA Pol II pool, RNA Pol IIO, RNA Pol IIA) were taken for gold grains analysis. The area of nucleus was measured using the NISElements AR3.00 software (Nikon). The number of gold particles was counted, and the labelling density for each nucleus was expressed as the number of gold particles per m 2.
To test diVerences among multiple samples (groups, i.e., antigen level in diVerent stages), a Kruskal-Wallis ANOVA test was used. Statistical data and graphs were created using Microsoft Excel 2007 software.
Results
Localization of transcription
The pattern of the distribution of newly formed transcripts in the H. orientalis embryo sac in the period from the nuclear stage to the fertilization was determined. The investigations were not quantitative but allowed for the evaluation of the levels of newly formed transcripts and RNA Pol II in the cells of the embryo sac. The levels of these molecules were compared with the levels observed in the somatic tissues of the ovule.
Ovule
In immature ovules, a strong signal, localized in the 4-nucleate embryo sac, was similar to that which occurred in somatic cells (Fig. 1a ). There were no signiWcant diVerences in signal between the diVerent tissues of the ovule, i.e., the Xuorescence levels of the nucellus and the integument cells were similar. After the cellularization process of the embryo sac, before the opening of the Xower, a diVerentiation of the signal strength between gametophyte cells and somatic cells was observed in the ovule (Fig. 1b) . In ovules analysed using a small microscope magniWcation, the Xuorescence of the embryo sac was almost invisible. In this period, diVerences in the labelling of transcripts were observed in the somatic tissues of the ovule. The labelling of the nucellus cells was lower than before cellularization, whereas the signal in the integument cells increased. A high Xuorescence was localized in the cells of the micropyle and the chalazal region of the ovule. A particularly high level of newly formed transcripts was observed in the cells of the integument surrounding the micropylar canal of the ovule (Fig. 2l) . In these cells, the high Xuorescence was observed both in the cytoplasm and in the nucleus. In the area of the micropyle, strong labelling of the cytoplasm was observed in cells of the nucellus. The level of the Xuorescence in nuclei was signiWcantly lower. A similar pattern of labelling of newly formed transcripts was present in the mature ovule, isolated from an opened Xower (Fig. 1c) . In somatic tissues, an intense signal was localized in cells surrounding the micropyle and in cells of the funiculus found near the micropyle. The labelling of the embryo sac was lower than in the surrounding nucellus cells. This signal pattern was also maintained during the progamic phase (not shown). In the ovule, into which the pollen tube had grown and the fertilization had taken place, a distinct decrease in the labelling of newly formed transcripts in cells of the surrounding micropyle was observed (Fig. 1d) . In the large embryo sac, a weak Xuorescence of the zygote and endosperm was visible.
Embryo sac
The labelling of newly formed transcripts in the 4-nucleate embryo sac was high and comparable to the labelling of the nucellus cells (Fig. 1e, f) . In the micropylar region of the embryo sac, Xuorescence that indicated the presence of newly formed transcripts was predominantly localized in the cytoplasm (Fig. 1e) . The signal observed there was similar to that which occurred in the surrounding somatic cells. In contrast, the signal in the nuclei was very low. In the chalazal region of the embryo sac, the signal was localized both in the cytoplasm as well as in cell nuclei (Fig. 1f) . The strength of the nuclear signal was higher than or similar to that occurring in the nuclei of somatic cells. During this period of ovule development, a very high signal was observed in nucellus cells (Fig. 2k) . The labelling of newly formed transcripts was localized both in the nuclei, including the nucleoli, as well as in the cytoplasm.
After cellularization relatively strong Xuorescence that indicated newly formed transcripts was still observed in the cells of the embryo sac (Fig. 1g, h ). The signal present there was only slightly weaker than in the surrounding nucellus cells. In the cells of the newly formed egg apparatus, the distribution and strength of the signal were comparable between synergids and the egg cell (Fig. 1g) . In the egg cell, newly formed transcripts were localized mainly in the cytoplasm, with the exception of the vacuoles. The strength of nuclear labelling was much lower. Synergid cells were characterized by a similar intensity and distribution of green Xuorescence (Fig. 1g) . A relatively high, uniform signal was present throughout the entire non-vacuolar cytoplasm, and the strength of the Xuorescence was weaker only around the Wliform apparatus. In the nuclei of the synergid cells, the Xuorescence was distinctly lower. In the strongly vacuolarised central cell the signal was similar to that which was observed in the cells of the egg apparatus (Fig. 1h) . Newly formed transcripts were mainly present in the cytoplasm. The nuclear signal was weaker, and the labelling was observed in the form of numerous small Xuorescent spots. In the antipodal cells the Xuorescence was localized in the cytoplasm, and the nuclear signal was very low (Fig. 1h) .
In the mature embryo sac of H. orientalis, signiWcant diVerences in the labelling of its individual cells were observed. With the exception of the synergid cells, the level of newly formed transcripts in the embryo sac cells was signiWcantly lower than that observed in the surrounding somatic cells (Fig. 1i, m) . In the egg apparatus, newly formed transcripts were observed in the synergid cells (Fig. 1i) . Within them, the highest signal occurred in the perinuclear cytoplasm and in the basal region. Towards the apical pole, the level of the signal decreased; however, foci of Xuorescence also occurred around the Wliform apparatus. The labelling of the synergid nuclei was clearly lower. The Xuorescence signal in the egg cell was signiWcantly weaker than that in the synergid cells (Fig. 1i) . A low signal was present in the cytoplasm, and the labelling of the nucleus was almost invisible. Only single, diVusely dispersed spots of Xuorescence were observed in the nucleoplasm and the nucleolus (Fig. 1j-l) . In the central cell, the labelling of the newly formed transcripts was higher than in the egg cell (Fig. 1i) . The Xuorescence of the nucleus was very weak. A relatively weak, diVusely dispersed signal was localized mainly in the cytoplasm. Slightly higher labelling was observed only in the cytoplasm around the nucleus. The cells of the embryo sac in which the highest labelling was observed were the antipodal cells (Fig. 1m) . The Xuorescence of these cells was present in the nucleus, including the nucleoli, and in the cytoplasm.
After pollination of the pistil in cells targeted by sperm cells, a low level of newly formed transcripts was still observed. In the egg cell, the signal was localized in the cytoplasm with only a few spots of Xuorescence visible in the nucleus (Fig. 2a) . In the central cell, the labelling was higher than in the egg cell, similar to the pattern observed before pollination (Fig. 2c) . Numerous Xuorescence spots were observed in the cytoplasm. Foci of very weak, dispersed Xuorescence were also observed in the nucleus. SigniWcant changes in labelling of newly formed transcripts were observed in synergid cells. In comparison to the period before the pollination of the pistil, the Xuorescence of these cells was lower and was only slightly higher than in the egg cell in most analysed embryo sacs (Fig. 2a) . Single Xuorescence spots were localized predominantly in the perinuclear cytoplasm. However, in some embryo sacs, the labelling in the synergid cells was still relatively high. Single Xuorescence spots were present both in the cytoplasm as well as in the nucleus and nucleolus (Fig. 2b) . In this period of embryo sac development, a relatively high level of newly formed transcripts was observed in the antipodal cells (Fig. 2d) . Fluorescence was observed both in the cytoplasm and in the nucleus of these cells. A strong Xuorescence, much higher than that observed in the cells of the embryo sac, was found in the cells surrounding the embryo sac (Fig. 2m ). An intense signal was localized in the cytoplasm and in the nuclei of nucellus cells. The nuclear signal was generally slightly weaker than that observed in the cytoplasm. In the nuclei, a relatively high accumulation of signal was observed in the nucleoli.
After fertilization, changes in the distribution and in the level of newly formed transcripts were observed in the cells of the embryo sac. The labelling patterns of synergid cells within the same egg apparatus were diVerent (Fig. 2e ). In the cell degenerating after the growth of the pollen tube, Xuorescence was distinctly lower than in the synergid cell not penetrated by the male gametophyte. In the fertilized embryo sac, very high labelling of newly formed transcripts occurred in the zygote (Fig. 2f) . The level of Xuorescence was much higher than in egg cell before fertilization and increased about Wvefold (Fig. 6a) . A signal in the form of smaller and greater of Xuorescence spots was present both in the nucleus and the cytoplasm. The labelling in the nucleus was higher than that in the cytoplasm. In this early period of zygote development, the Xuorescence was almost completely absent in the nucleolus (Fig. 2g, h ). On successive sections through the nucleolus, a strong signal was observed in the form of single Xuorescence spots, probably around the chromatin of the nuclear organizer. Only individual small foci of signal were visible outside this area. A high level of newly formed transcripts was also observed in the primary endosperm cell (Fig. 2i) . Numerous small Xuorescence foci were generally localized in the cytoplasm, and single spots of signal were also visible in the nucleus. In antipodal cells, which showed signs of degeneration (strong condensation of chromatin, occasional fragmentation of nuclei), the level of newly synthesized transcripts was very low (Fig. 2j) . A weak signal was present mainly in the cytoplasm. In nuclei with strongly condensed chromatin, only single Xuorescence spots were observed. After fertilization, a relatively high labelling of newly synthesized transcripts was observed in the cells surrounding an embryo sac that was still increasing in size (Fig. 2n) . Fluorescence was localized both within the nuclei and the cytoplasm, but the cytoplasmic signal was slightly higher than the nuclear one, in general. In these cells, very strong labelling was also observed in the nucleoli.
No labelling of the nuclei and cytoplasm of the embryo sac cells was observed in a control reaction (Fig. 1n) .
Distribution of RNA polymerase II
ImmunoXuorescence analysis made it possible to determine the level of RNA polymerase II in the female gametophyte before and after fertilization in relation to the level of this enzyme in somatic cells of the ovule (Fig. 3) .
At the nucleate stage of the gametophyte, the signal indicating the presence of RNA Pol II was only slightly lower than that in the nuclei of somatic cells (Fig. 3a) . In all nuclei of the embryo sac, both the distribution and the strength of the signal were similar. In the mature ovule, a clear diVerentiation of the Xuorescence of the embryo sac and somatic cells was observed (Fig. 3c) . Using a small microscope magniWcation, the labelling of the cells of the embryo sac was almost invisible. In somatic tissues, the highest signal was observed in the nuclei of the integument cells surrounding the micropyle, while a lower Xuorescence was observed in the nuclei of the nucellus cells. A similar pattern of RNA Pol II labelling was present during the progamic phase. The signal from the nuclei of the embryo sac was very weak; however, the signal was observed in the nuclei of somatic cells (Fig. 3d) . At this level of analysis, a weak Xuorescence of the zygote and endosperm was only visible in the embryo sac after fertilization (Fig. 3e) .
The cells of the mature embryo sac diVered in the level of the total pool of RNA Pol II (Fig. 3f, h ). In the egg apparatus, a high level of labelling, only slightly lower than in the nucellus cells, was observed in the synergid cells (Fig. 3f) . RNA Pol II was evenly distributed in the extranucleolar nucleoplasm. The labelling of the egg cell nucleus was weaker. The signal was present in the area of the whole Fig. 3 ImmunoXuorescence localization of the total Pol RNA II pool (4H8 antibodies) and the hypophosphorylated (Pol IIA, H14 antibodies) and the hyperphosphorylated (Pol RNA IIO, H5 antibodies) forms of RNA Pol II of the H. orientalis ovule and embryo sac. 4-Nucleate embryo sac (a), mature ovule with the embryo sac after cellularization (c), ovule during the progamic phase (d), ovule after fertilization (e). Mature embryo sac: egg apparatus (f), (h) central and antipodal cells (h), egg apparatus (j-l); embryo sac during the progamic phase: micropylar region (n), chalazal region (p). Embryo sac after fertilization: zygote and degenerated synergid cell (r), endosperm nuclei (t). DAPI staining (b, g, i, k, m, o, q, s, u) . m Micropyle, I integument cells, nc nucellus cells, MP micropylar pole, ChP chalazal pole, S synergid, EC egg cell, CC central cell, A antipodal cell, fa Wliform apparatus, n nucleus, nu nucleolus, c cytoplasm, green RNA Pol II, blue DAPI staining. Scale bars 10 m (a, f, h, j-l, n, p, r) , 100 m (c), 50 m (d, e) nucleus in the form of numerous clusters (Fig. 3f) . The labelling of RNA Pol II in the nucleus of the central cell was clearly higher than in the nucleus of the egg cell (Fig. 3h) . The signal occurred in the form of numerous clusters of Xuorescence, which were present in the whole nucleoplasm. The Xuorescence of the antipodal cell nuclei was slightly lower than that of the central cell nucleus. The labelling of these nuclei was observed in the form of numerous clusters of Xuorescence irregularly distributed in the area of the nucleoplasm (Fig. 3h) . The labelling of the egg apparatus cells with H14 and H5 antibodies showed the presence of both forms of RNA Pol II in the nuclei of the synergid cells and the egg cell. The RNA Pol IIA signal (the hypophosphorylated form of RNA Pol II) was observed in the form of Xuorescence foci, whose number was similar in all nuclei of the egg apparatus (Fig. 3j) . In contrast, the treatment of these cells with H5 antibody, which labels the hyperphosphorylated RNA Pol II form (Pol IIO), revealed a diVerent localization of RNA Pol IIO in the nucleus of the egg cell and in synergid cells nuclei (Fig. 3l) . The signal in the nucleus of the egg cell was very low, and only individual, small Xuorescence spots were observed in this nucleus. The Xuorescence of the synergid cell nucleus was distinctly higher, even though it was lower than the level of Xuorescence observed in somatic cells.
During the progamic phase, the labelling of the total RNA Pol II pool was similar to that observed before pollination of the pistil in the nuclei of the egg cell and the central cell (Fig. 3n, p) . In the nuclei of the egg cell (Fig. 3n ) and central cell (Fig. 3p) , small Xuorescence spots were observed. A signiWcantly decrease in labelling was observed in the nuclei of synergid cells (Fig. 3n) . The strength of the signal was similar to that which was found in the egg cell. A decrease of the Xuorescence intensity of the total RNA Pol II pool was also observed in the antipodal cells (Fig. 3p) .
SigniWcant changes in the distribution of the total RNA Pol II pool in the embryo sac cells of H. orientalis were observed after fertilization (Fig. 3r, t) . The highest level of labelling was observed in the zygote nucleus (Fig. 3r) . The signal from the zygote nucleus was comparable to the signal present in the nuclei of somatic cells of the ovule. The Xuorescence in the zygote nucleus was evenly distributed throughout the entire nucleoplasm, outside the area of the nucleolus. The level of total RNA Pol II pool was signiWcantly higher than in the egg cell before fertilization. The intensities of the Xuorescence over a hundred fold increased (Fig. 6b) . A high level of RNA Pol II labelling was also observed in the nuclei of the forming endosperm (Fig. 3t ). After fertilization, the level of RNA Pol II in synergid cells was very low (Fig. 3r) . In the nuclei of degenerating cells, the Xuorescence signal was observed in some nuclei in the form of single foci, while other nuclei were completely unlabelled. Similarly, only a few spots of RNA Pol II Xuorescence were observed in the antipodal cells (not shown).
Ultrastructural localization of RNA polymerase II
The levels of the RNA Pol II pools were observed in unfertilized and fertilized egg cells using electron microscopy. The pattern of labelling in the egg cell nucleus before and after fertilization was compared with the signal pattern that occur in the nuclei of somatic cells. Ultrastructural analysis revealed a diVerent chromatin organization in the nuclei of the analysed cells. The nuclei of H. orientalis somatic cells had a typical reticulate structure (Fig. 4c) . Chromatin in the egg cell nucleus, however, was highly decondensed (Fig. 4a) . In the zygote, changes in chromatin organization took place. In a nucleus in which a second nucleolus is already visible, chromatin condensed and occurred in the form of larger and smaller aggregates (Fig. 4b) .
In the egg cell, RNA Pol II was observed in loose chromatin and in interchromatin areas (Fig. 4d) . The number of gold grains in the egg nucleus was distinctly lower than in the somatic cell nucleus (Figs. 4f, 6c ). The labelling of the zygote nucleus was distinctly higher than that of the egg nucleus before fertilization (Figs. 4e, 6c) . The signal was localized mainly in perichromatin areas, and the gold grains were less numerous in interchromatin areas. A similar pattern of labelling was observed in the somatic cell nucleus (Fig. 4f) . In the egg nucleus, a few gold grains showing the binding of H14 antibodies were observed inside and between loose chromatin and in the margins (Fig. 5a ). The labelling with the H5 antibody was very weak (Fig. 6c) ; only individual gold grains were observed in loose chromatin (Fig. 5c ). In the zygote nucleus, the signal showing the binding of H14 and H5 antibodies increased strongly (Fig. 6c) . Gold grains indicating the presence of Pol IIA (Fig. 5b) and Pol IIO (Fig. 5d) were mainly observed in the perichromatin areas and within chromatin aggregates. Fewer gold grains were observed between chromatin aggregates, especially after labelling with the H14 antibody (Fig. 5b) . The pattern of labelling with the H14 and H5 antibodies observed in the zygote nucleus was similar to that which was found in the somatic cell (Fig. 5e, f) .
Discussion
Our investigations indicated that during the development of the H. orientalis ovule, changes in the transcriptional activity of somatic tissues and female gametophyte cells occurred. In the period between the cellularization of the embryo sac and the progamic phase, particularly high transcriptional activity is detected in the cells surrounding the micropyle, including the cells of the integument and The micropyle is the site through which the pollen tube grows into the embryo sac. The increased activity of cells around the micropylar canal is probably related to the synthesis of factors participating in the attraction of the pollen tube and its direction to the embryo sac (Huang and Russell 1992; Higashiyama et al. 2003; Yadegari and Drews 2004; Márton et al. 2005; Dresselhaus and Márton 2009) .
Upon in vivo analysis of the embryo sac, three developmental stages that diVered in transcriptional activity were distinguished: (i) a stage of high transcriptional activity that lasted from the multinucleate stage until cellularization, (ii) a stage of transcriptional silencing encompassing the period of Xower maturity and the progamic phase and (iii) the post-fertilization stage, which is related to the transcriptional activation of the zygote and endosperm (Fig. 7) . In the free nucleate stage, the transcriptional activity of the embryo sac was high, similar to that which was observed in the somatic cells of the ovule. However, a diVerent distribution of newly formed transcripts could already be observed between the poles of the embryo sac at the 4-nucleate stage. In the micropylar region, the newly formed transcripts were predominantly localized in the cytoplasm, whereas these transcripts were observed both in the nucleus and the cytoplasm in the chalazal region. Within each nucleus of the embryo sac, a similarly high level of RNA Pol II pool was present (Fig. 7) . This results suggests that mRNA synthesis occurs at a similar level in these nuclei, and the observed diVerential transcript localization may be due to diVerent rates of mRNA transport to the cytoplasm. It is possible that the diVerent pattern of localization of newly synthesized RNA in the embryo sac regions reXects the diVerentiation in the metabolism of the nuclei, which already execute diVerent diVerentiation programmes at this early stage. In the micropylar pole region, diVerentiation will ultimately lead to the formation of the egg apparatus, whereas antipodal cells will form in the chalazal region. A relatively high pool of newly formed transcripts was also observed in all seven cells directly after cellularization of the embryo sac (Fig. 7) . The levels of newly formed transcripts in all cells of the female gametophyte were similar, but already lower than in the somatic cells of the ovule. The small diVerences in the level of transcriptional activity indicate that the maturation of female gametophyte cells lasts until the opening of the Xower.
In the mature hyacinth embryo sac, i.e., after the opening of the Xower, the transcriptional activity of its cells was distinctly lower than that of somatic cells. Distinct diVerences were also observed between the cells of the embryo sac. In the H. orientalis egg cell, the level of newly formed transcripts was low (Fig. 7) . RNA Pol II was present in its nucleus; however, the pool of this enzyme in the female Fig. 6 Histogram illustrating the intensities of incorporated 5Ј-bromouracil (a) and the total RNA Pol II pool Xuorescence (b) in egg cell before and after fertilization. c Graph comparing the levels (gold grains) of the total RNA Pol II pool, hypophosphorylated (initiation) and hyperphosphorylated (elongation) forms of RNA Pol II between the nucleus of egg cell, zygote and somatic cell gamete was lower than in the otherscells of the embryo sac. Predominantly, the hypophosphorylated form of RNA Pol II (Pol IIA) was present. The pool of the hyperphosphorylated form of RNA Pol II (Pol IIO) was very low, indicating that mRNA synthesis is very limited in the mature egg cell. This results is in agreement with our earlier investigations, which indicated that the nucleus of the mature H. orientalis egg cell is almost completely devoid of the snRNAs that are indispensable for the maturation of primary mRNA transcripts (Pidcijski et al. 2008) . Thus, in H. orientalis, the egg cell is transcriptionally active during the period from the cellularization of the embryo sac to the opening of the Xower. During anthesis, when the pistil becomes able to accept the male gametophyte, a transcriptional silencing of the female gamete takes place, including the inhibition of the transcription and maturation of mRNA. The amount of poly(A) RNA in the mature H. orientalis egg cell is also very low (Pidcijski et al. 2008 ), which in turn indicates that this cell does not accumulate large amounts of transcripts synthesized during its maturation. Thus, the observed phenomenon is diVerent from that observed in the animal egg cell, which stores maternal poly(A) RNA transcripts that participate in the control of the early stages of development (Picton et al. 1998) .
The low transcriptional activity of the egg cell nucleus is consistent with the degree of condensation of its chromatin. Ultrastructural investigations have shown that the chromatin is highly decondensed in the hyacinth egg cell nucleus, similar to other analysed species (Diboll 1968; Coimbra and Salema 1999) . It can be suggested that the loosening of chromatin unaccompanied by high transcriptional activity is the preparation of the nuclear genetic material for fusion with the chromatin of the sperm cell. To date, this hypothesis has not been the subject of any investigations and there is no evidence to conWrm it.
Analysis of the transcriptional activity of the female gamete of Xowering plants has only been performed in several species of plants, including Zea, Triticum, Nicotiana, and Arabidopsis, mainly by in vitro techniques. The obtained results indicated that the main transcripts present in the egg cell are related to basal metabolism, such as transcripts encoding proteins participating in replication, regulation of translation (Dresselhaus et al. 1999a (Dresselhaus et al. , 1999b and ribosome formation (Dresselhaus et al. 1999a; Sprunck et al. 2005; Ning et al. 2006) , along with histone proteins (Sprunck et al. 2005 ) and signal proteins (Sprunck et al. 2005; Ning et al. 2006) . After fertilization, the levels of most of these transcripts were signiWcantly lower, suggesting that their presence is mainly related to the functioning of the egg cell, including its interaction with the male gamete and fertilization.
Our in vivo investigations also allowed us to determine the transcriptional activity of the female gamete also in the progamic phase, which had not been previously analysed. We found that when pollen tubes grew into the style of the pistil, the transcriptional activity of the hyacinth egg cell remained low, even though RNA Pol II was present in the nucleus (Fig. 7) . At this stage of development, the female gamete has a low level of splicing factors and poly(A) RNA (Pidcijski et al. 2008) , which indicates its low activity in mRNA synthesis. Thus, in H. orientalis, the progamic phase is a period of low transcriptional activity of the egg cell that will soon undergo fusion with the sperm cell.
SigniWcant changes in the levels of newly formed transcripts and RNA Pol II in the egg cell occured only after fertilization (Fig. 7) . In the zygote, the pool of transcripts, which were mainly located in the extranucleolar areas, increased rapidly. The RNA Pol II pool that was present in the egg cell nucleus during the progamic phase probably participated in this process. We cannot exclude the possibility that, in H. orientalis, RNA Pol II activation occurs through changes in the degree of its phosphorylation, similar to the process described during early embryogenesis in animals (Bellier et al. 1997a, b; Palancade et al. 2001) . However, in H. orientalis, high transcriptional activity of the zygote was also accompanied by an increase in the (Fig. 7) . This result indicates de novo synthesis of this enzyme after fertilization. In the zygote nucleus, the pattern of the level and distribution of RNA Pol II became similar to that observed in the somatic cells of the ovule. Both the initiation and the elongation forms of RNA Pol II were observed mainly at the margins of chromatin aggregates. In animals, this area is considered to be the main site of mRNA transcription and maturation (Cmarko et al. 1999; Niedojadio et al. 2011) . In the H. orientalis zygote nucleus, the levels of snRNA and poly(A) RNA also increase (Pidcijski et al. 2008) . Our investigations of H. orientalis sperm cells have shown that mature male gametes lack splicing factors and RNA Pol II (Zienkiewicz et al. 2011 ) and, therefore do not contribute these molecules to target cells. Presumably, the transcription and maturation not only the new mRNA pool, but also of snRNA take place in the zygote. The above-described investigations, therefore, indicate that the activation of the zygote genome, including genes encoding proteins, snRNA and paternal rRNA, has already occurred before the Wrst division of the zygote in hyacinth, in which the egg cell does not store large amounts of poly(A) RNA (Pidcijski et al. 2008) .
The time of the maternal-to-zygotic transition and the activation of the paternal genome in Xowering plants remain open questions, as the results obtained thus far are unsolved. On the one hand, it was shown that, in contrast to H. orientalis, the A. thaliana zygote has a low level of transcriptional activity and a small pool of the elongation form of RNA Pol II in its nucleus (Pillot et al. 2010) . Transcripts detected during the early stages of development of an embryo of this species are maternal transcripts (VielleCalzada et al. 2000; Grimanelli et al. 2005; Autran et al. 2011) , and the zygote may divide several times before resuming transcription (Pillot et al. 2010) . On the other hand, the investigations of Weijers et al. (2001) and Köhler et al. (2005) have shown that the transcription of several alleles from both the maternal and paternal genomes takes place in the A. thaliana zygote, which indicates the activation of the zygotic genome directly after fertilization. An early post-fertilization activation of the zygotic genome was also found in other analysed species, including Nicotiana (Ning et al. 2006 , Zhao et al. 2011 and Zea (Scholten et al. 2002; Meyer and Scholten 2007) . In turn, the genetic analysis of maize ovules performed by Grimanelli et al. (2005) indicated that only the maternal alleles are expressed during the early stages of embryo development.
The post-fertilization resumption of transcriptional activity is accompanied by changes in the organization of chromatin, which assumes a more condensed form than the egg cell chromatin. In the nucleus with this ultrastructure, two nucleoli are already visible, indicating the activation of the paternal NOR (nucleolar organizer region). In maize, karyogamy begins approximately 12 h after pollination, and two nucleoli are visible for 5-8 h (Mól et al. 1994) , even though the paternal chromatin undergoes decondensation during the Wrst 3 h after the fusion of the egg cell and the sperm cell (Scholten et al. 2002) . Based on these data, we believe that the aggregates of condensed chromatin observed in the nucleus of the H. orientalis zygote are already formed after the dispersion of the sperm chromatin and are a transitional stage towards the organization of a reticulate type nucleus, which is characteristic for H. orientalis.
The transcriptional activity of the mature central cell was higher than that of the egg cell. A higher pool of newly formed transcripts and a relatively high level of RNA Pol II were observed in the central cell both after opening of the Xower and during the progamic phase. The central cell also contains more splicing factors and poly(A) RNA than the egg cell (Pidcijski et al. 2008) . After fertilization, strong increase in the pool of newly synthesized transcripts occurred in the primary endosperm cell, indicating an early activation of the endosperm genome. The high transcriptional activity of endosperm nuclei was accompanied by a high level of RNA Pol II and an increase in the amount of splicing factors and poly(A) RNA (Pidcijski et al. 2008 ). This result indicate that mRNA constitutes a large part of the newly synthesized transcripts. In the endosperm cell, these transcripts were localized mainly in the area of the cytoplasm, their levels of new transcripts in the nucleus were much lower. We cannot exclude the possibility that the distribution of new transcripts, which is diVerent than that in the zygote, is due to the earlier initiation of endosperm development. Transcripts synthesized directly after the activation of the endosperm genome are rapidly transported to the cytoplasm, where they participate in the synthesis of proteins necessary for the development of the nutritive tissue. It is known that endosperm development has already begun prior to zygote division in many species of Xowering plants, including H. orientalis (Yadegari and Drews 2004) . The early activation of the parental genome during endosperm development does not arouse controversy. This process has also been observed in other plant species, including A. thaliana (Grimanelli et al. 2005; Pillot et al. 2010) and Z. mays (Scholten et al. 2002) .
In contrast to the target cells for male gametes, the synergid cells of the mature egg apparatus of H. orientalis have high transcriptional activity. A rich pool of RNA Pol II and splicing factors is present in their nuclei (Pidcijski et al. 2008) . The high level of newly formed transcripts was localized predominantly in the cytoplasm, in which poly(A) RNA is also present (Pidcijski et al. 2008) . These results indicate that in the synergid cells of the mature embryo sac, mRNA among others molecules undergoes intense synthesis and maturation and is then transported to the cytoplasm. The high transcriptional activity observed in the synergid cells during anthesis is in agreement with the function of these cells. In this period of receptivity of the Xower, the synergid cells synthesize and secrete attractants, which attract pollen tubes (Higashiyama et al. 2001; Weterings and Russell 2004; Márton et al. 2005) . During the progamic phase, progressive silencing of the synergid transcriptional activity takes place. This silencing is shown by the decrease in the levels of newly formed transcripts, the RNA Pol II pool, splicing factors and poly(A) RNA (Pidcijski et al. 2008) . The synergid cells degenerated after fertilization, the fulWlment of their biological functions. This degeneration was accompanied by further inhibition of the transcriptional activity and the elimination of RNA pol II from the synergid cell nuclei.
In the mature hyacinth embryo sac and during the progamic phase, a higher level of transcriptional activity was observed in the antipodal cells, which play a nutritive role. Similar to the synergid cells, the metabolism of the degenerating antipodal cells decreased after fertilization, which was accompanied by a decrease in newly formed transcripts and the total RNA Pol II pool.
In conclusion, our earlier (Pidcijski et al. 2008 ) and present investigations have revealed several characteristics of embryonic development in H. orientalis. First, the mature egg cell is almost completely transcriptionally silenced. Only a small pool of RNA Pol II and splicing factors is present in its nucleus, and it does not accumulate large amounts of poly(A) RNA. Second, the transcriptional activity of the central cell is slightly higher. Third, the transcriptional silencing of the cells that will soon undergo fertilization remains through the progamic phase. Finally, fertilization induces the activation of the zygote and primary endosperm cell genomes (Fig. 7) . The mechanisms involved in the regulation of transcription and then translation immediately following the fertilization of both cells are not yet known.
